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Due to the 2011 off the Paciﬁc Coast of Tohoku Earthquake, which had a magnitude of 9.0, many soil-made infrastructures, such as
river dikes, road embankments, railway foundations and coastal dikes, were damaged. The river dikes and their related structures were
damaged at 2115 sites throughout the Tohoku and Kanto areas, including Iwate, Miyagi, Fukushima, Ibaraki and Saitama Prefectures,
as well as the Tokyo Metropolitan District. In the ﬁrst part of the present paper, the main patterns of the damaged river embankments
are presented and reviewed based on the in situ research by the authors, MLIT (Ministry of Land, Infrastructure, Transport and
Tourism) and JICE (Japan Institute of Construction Engineering). The main causes of the damage were (1) liquefaction of the
foundation ground, (2) liquefaction of the soil in the river embankments due to the water-saturated region above the ground level, and
(3) the long duration of the earthquake, the enormity of fault zone and the magnitude of the quake. In the second part of the paper, we
analyze model river embankments on a foundation ground with various soil proﬁles, including a clayey soil layer and various ground
water tables, using a dynamic liquefaction analysis method. From the analysis results, we ﬁnd the effects of the soil proﬁles and the
duration time of the earthquake motion on the deformation behavior of the river embankments. The results are consistent with those of
the investigation of the features of the deformation and the failure of the embankments due to the 2011 off the Paciﬁc Coast of Tohoku
Earthquake.
& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V.
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The 2011 off the Paciﬁc Coast of Tohoku Earthquake
damaged many soil-made infrastructures, such as river2 The Japanese Geotechnical Society. Production and hostin
/10.1016/j.sandf.2012.11.010
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der responsibility of The Japanese Geotechnical Society.dikes, road embankments, railway foundations and coastal
dikes. Due to the very high strength of this earthquake,
which had a magnitude of 9.0, many soil-made infrastruc-
tures, such as river dikes, road embankments, railway
foundations and coastal dikes, were damaged. The river
dikes and their related structures were damaged at 2115
sites over the Tohoku and Kanto areas, including Iwate,
Miyagi, Fukushima, Ibaraki and Saitama Prefectures, as
well as the Tokyo Metropolitan District. In the ﬁrst part of
the present paper, the main patterns of the damaged river
embankments are presented and reviewed based on in situg by Elsevier B.V. Open access under CC BY-NC-ND license.
F. Oka et al. / Soils and Foundations 52 (2012) 890–909 891research carried out by the authors, MLIT (Ministry of
Land, Infrastructure, Transport and Tourism) and
JICE (Japan Institute of Construction Engineering (JICE),
2011).
The damage was due tone or a combination of the
following: liquefaction of the foundation ground, liquefac-
tion of the soil in the river embankments since the water-
saturated region was above ground level, and the long
duration of this huge earthquake, over such a huge area.
The damage and failure of the coastal dikes due to
overﬂow and erosion from the tsunami is not within the
scope of the present study. In the second part of the paper,
we analyze model river embankments on a foundation
ground with various soil proﬁles, including a clayey soil
layer and various ground water tables, using a dynamic
liquefaction analysis method. From the analysis results,
we ﬁnd the effects of the soil proﬁles and the duration time
of the earthquake motion on the deformation behavior of
the river embankments. The results are consistent with
those of the investigation of the features of the deforma-
tion and the failure of the embankments due to the 2011
off the Paciﬁc Coast of Tohoku Earthquake.MiyagiYamagata
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Fig. 1. Distributions of the heavily damaged river embankments and the earth
Science and Disaster Prevention, MLIT), webmapc of MLIT is used in this ﬁ2. Damage to river embankments and river structures
River embankments were damaged due to the earth-
quake in both the Tohoku and Kanto districts.
A summary of the damage to river embankments and
river structures due to the 2011 off the Paciﬁc Coast of
Tohoku Earthquake follows:1.itaka
o
S
qua
gurThe number of damaged river embankments and river
structures is 1195 under the jurisdiction of the Tohoku
Regional Development Bureau of MLIT. A total of 773
river embankments were damaged, with 29 of them in
urgent need of restoration. The rivers are the Mabuchi
River (Aomori Prefecture), the Kitakami River (Iwate
and Miyagi Prefectures), the Eai River, the Naruse
River, the Yoshida River, the Natori River and the
Abukuma River (Miyagi Prefecture).2. River embankments were damaged at 611 sites along
the 146 rivers under the jurisdiction of Miyagi Prefec-
ture, including the Hasama River, the Nanakita River
and the Sunaoshi River, and river structures were
damaged at 25 sites along 21 rivers.Iwate
mi R
Kitakami
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hinden
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ke motion observation stations (National Research Institute for Earth
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at 210 sites in Fukushima Prefecture.4. Under the jurisdiction of the Kanto Regional Develop-
ment Bureau of MLIT, river embankments and related
river structures were damaged at 939 sites, with 55
heavily damaged embankments, 149 medium-level dam-
aged embankments and 735 minimal-level damaged
embankments.5. In Ibaraki Prefecture, embankments were damaged at
106 sites under the jurisdiction of Ibaraki Prefecture,
while river embankments under the control of the
Kanto Regional Development Bureau of MLIT were
damaged at 343 sites along the embankments of the
Tone River, Kasumigaura Lake, the Kuji River, the
Naka River, the Hinuma River, a 2.7 m settlement of a
tributary of the Naka River and the Shin Tone River in
Inajiki City.6. In Chiba Prefecture, the right embankments of the Tone
River were heavily damaged and the left embankments
of the Edo River were damaged.7. In Saitama Prefecture, the right embankment of the Edo
River was damaged in Satte City, while about 50Heaving
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Fig. 2. Typical damage and failure patembankments of the Nakagawa River were damaged.
8. In Tokyo, sand boils occurred on the river bed of the
Arakawa River.
In the Tohoku District (Aomori, Iwate, Miyagi and
Fukushima Prefectures), many river embankments were
damaged due to the earthquake. River basins in the
Tohoku District include the Mabuchi River Basin, the
Kitakami River Basin, the Naruse River Basin, the Natori
River Basin and the Abukuma River Basin. In the Tohoku
District, embankments were damaged at 1179 sites. From
the report by JICE (2011), the patterns of the damage
consisted of failures and/or washouts (25 sites), cracks (565
sites), lateral ﬂows (90 sites), settlements (117 sites),
damage to revetments (196 sites), sluice gates, etc. (81)
and others (105).
Fig. 1 shows the main damaged sites in the northern part
of Miyagi Prefecture and the measured accelerations at
several points on the ground surface; K-net (Furukawa:
NS¼444, EW¼571 gal), Kitami: NS¼372, EW¼294 gal),
KiK-net (Tajiri: NS¼247, EW¼263 gal), etc. of Crown 
of the shoulder and the crown
ank due to cracks
terns of river embankments.
F. Oka et al. / Soils and Foundations 52 (2012) 890–909 893The damage can be largely attributed to the liquefaction of
the foundation ground, the liquefaction of the water-
saturated soil in the river embankments above the ground
level or overﬂow and erosion due to the tsunami (Oka et al.,Sand
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Fig. 3. Patterns of soil proﬁles.
Photo 1. Left embankment at Fuchishiri-jyoryu of the Eai River (27.6 km)
(courtesy of Kitakamigawa-Karyu River Ofﬁce Tohoku Regional Bureau
of MLIT, 2011).
ΔH=1.46 mLand side
Fig. 4. Damaged embankment of the Eai River (27.6 km2012). As for the liquefaction of the water-saturated soil in
the river embankments above ground level, it is possible that
the damage was caused by the subsidence of the river
embankments to levels below the water table due to the
consolidation of the soft clay foundation, and the high level
of water in the river embankments due to the hydraulic
conditions. According to the Tohoku Regional Development
Bureau of MLIT (2011), failures accompanied by the
observation of sand boils and a high level of water were
reported for the following river dikes: the right embankment
of the downstream of the Abukuma River in the Edano
District, the left embankment of the downstream of the
Abukuma River in the Noda District, the left embankment
of the Eai River in the Uetani District (14.0 km–14.6 km),
the right embankment of the Eai River in the Nakajima
Otsu District (14.0 kmþ43 m–14.6 kmþ43), the right
embankment of the Eai River in the Fukunuma District
(26.6–26.8 km), and the left embankment of the upstream of
the Eai River in the Fuchishiri District (27.6 km), among
others. The embankments of the Eai River, the Naruse River
and the Yoshida River are underlain by soft soil deposits
with a thickness of about 10 m. The soft soil deposits consist
of clay, ﬁne sand and silt, e.g., the soft soil deposit of the
dike of the Yoshida River at Yamazaki consists of soft clay,
including silt and sand (General Report on the 1978 Miyagi-
Oki Earthquake, Investigation Committee of the 1978
Miyagiken-oki Earthquake at Tohoku Branch of JSCE,
1980). The soft clay deposits affect the earthquake-resistant
characteristics through consolidation, ampliﬁcation and
deformability. The typical failure and deformation patterns
of the river embankments are illustrated in Fig. 2.
Type D-1 shows the settlement of the crest of the bank
with a heave around the toe of the bank.
This type of damage was observed at many river
embankments; sometimes with a small crack observed
along the slope.
Type D-2 includes longitudinal cracks and a lateral
expansion of the slope of the bank near the toe as well
as the settlement of the crest. This type of damage occurred
at the embankments of Kokai River (3.8 km), along the
bank of Watatanuma of Naruse River (20.1–20.3 km), and
along the bank of the Yoshida River (15.4 km), etc.
In type D-3, settlement of the top of the shoulder and
crest occurred, as well as lateral expansion and subsequent
cracking. This type of D-3 damage was seen along the left
bank of Noda of Abukuma River (28.6–30.0 km), and at
Nishisekiyado along the right bank of the Edo River
(57.5 km), etc.
Type D-4 is the most severe damage in which the bank is
divided into number of blocks with boiled sand and large
lateral movement of the banks. This very severe damageRiver side
9.37m
) Tohoku regional development bureau of MLIT.
Photo 3. Sand veins due to liquefaction in the left embankment observed
at Shimonakanome-jyoryu of the Naruse River (30.0–30.5 km).
F. Oka et al. / Soils and Foundations 52 (2012) 890–909894was observed at Fuchishiri-jyoryu (27.5–27.8 km) and at
Fukunuma (26.6–26.8 km) along the Eai River. The banks
of the Naruse River were damaged at Shimonakanome
(30.0–30.5 km), and at Edano (30.6–31.4 km) along the
Abukuma River, etc.
In Fig. 3, the typical patterns of soil proﬁles where
severe damage was observed due to the 2011 off the paciﬁc
coast of the Tohoku earthquake are shown. In Section 3,
the relationship between pattern of the soil proﬁle and the
observed damage will be explained.
2.1. The Eai River embankment
The most severely damaged or failed embankment is the
one on the left embankment of the Eai River (27.2–27.8 km)
in the Fuchishiri District of Osaki City, Miyagi Prefecture, as
shown in Photo 1. A length of 400 m of the dike of the left
levee was damaged. As depicted in Fig. 4, several large cracks
developed at the crest, and the crest was deformed in a wavy
pattern. The river embankment was cracked and settled. The
maximum settlement of the crest was 0.83 m, the failed
embankment moved laterally toward the river side in a block
style, with a maximum lateral movement of 9.37 m. The
observed number of blocks was 11. The lower part of the
embankment is composed of loose sandy soil with an
N value of less than 10. This failure pattern is similar to
the pattern D-4 in Fig. 2. The embankment at 27.6 km wasPhoto 2. Cracks and sand boils near the land side of the river embank-
ment of the Eai River (27 km).
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Fig. 5. Soil proﬁle of the embankment of the Eai River before thunderlain by soft deposits which consist of, from the top, a
2-m clayey sandy layer (Acs) and soft clay layers (Ac1 and
Ac2) with a thin sandy layer (As1) (Ac1(1.5 m)þAs1(0.5
m)þAc2(10 m)) having a thickness of 12 m; the N value of
the Acs layer is about 5–11. Beneath the clay layer, there is a
sandy layer (As2) with a thickness of 4.5 m, and the N value
varies with depth from 10 to 40. The undrained strength of
Ac1 and Ac2 is 16 kN/m2. For Acs, D50 is around 0.085–
0.25 mm and D10 is 0.005–0.009 mm; Ipo¼15. The D50 of
embankment Bs0 is 0.22 m and the Fc is about 25%. As2 is
underlain by a rather stiff sandy layer with clay, Ds1, and
the N value is more than 10.River side
stimated water table
e earthquake Tohoku regional development bureau of MLIT.
Photo 4. Cracks at the top of the right embankment at Kimazuka of the
Naruse River (around 11 km).
F. Oka et al. / Soils and Foundations 52 (2012) 890–909 895Sand boils were observed in the cracks at the slope and the
toe of the river side embankments. The ground water has
been supplied from the land side of the embankments; hence,
the ground water level in the embankments has always been
observed. Judging from the observation of the sand boils, the
soil proﬁles and the ground water levels, the occurrence of
the liquefaction of the sandy soil of the embankment and the
Acs layer has been considered. At the crest of the left
embankment of the Eai River, at 27.2–27.4 km, we observed
three long cracks along the axis of the embankment and a
settlement of several 10 cm; slope failure occurred on the rear
side. In the rice ﬁeld around the embankment (27.33 km), we
have seen sand boils from the cracks, 5–10 m in length,
shown in Photo 2.
2.2. Naruse River
The river dikes of the Naruse River were heavily
damaged and failed at eight sites, namely, the left embank-
ment (29.7–30.1 km) in the Shimonakanome-jyouryuu Dis-
trict, the right embankment (29.7–30.1 km) in the
Shimoibano District, the left embankment (29.0–29.1 km)
in the Shimogawara District, the left embankment (20.1–
20.3 km) in the Wadanuma District, the right embankment
(11.9–12.0 km) in the Komazuka District, the left embank-
ment (11.3–11.5 km) in the Sunayama District and the right
embankment (0–0.4 km) in the Nobiru District. The num-
ber of middle-level damaged sites is 121.Clay
Sand
Peaty soil10m
14m
2m
6m
Clay
Fig. 7. Soil proﬁle at Yamazaki of the Yoshida River after JICE (2011).2.2.1. Shimonakanome-jyouryuu District
The left embankment of the Naruse River dike in the
Shimonakanome-jyouryuu District (30.0–30.537 km) was
heavily damaged and failed, as shown in Fig. 5. The dike
moved 13.3 m to the land side and the maximum settlement of
the crest was about 5.5 m, while 13 cracks were observed on
the river side of the dike. The failure mode has been classiﬁed
as a type D-3 in Fig. 2 by the Tohoku Regional development
Bureau of MLIT (2011). Boiled sand was observed in the
longitudinal cracks and the toe of the slope on the land side.
The water level was in the dike on the 4th April, 2011; the
water level was 6 m below the original crest. This suggests that
there was water in the dikes above the water table of the
surrounding ground. The MLIT Committee referred to the
region with water in the dike as the saturated region with
water since the ground just beneath the dike is a clayeyBs Bc
Ac1
As1
As2
Ac2
ΔH=5.50m
Land side
13.3m
Fig. 6. Soil proﬁle of the embankment at Shimonakanome-jyoryu of the Na
of MLIT.ground. The high water level in the embankment is believed to
be due to rainfall and the surrounding environment. The main
reason for the failure is the liquefaction of the dike material,
i.e., silty sand and sandy silt with N values less than 5 due to
earthquakes. Soil proﬁles of the dike and the foundation
ground are presented in Fig. 5.
The subsoil ground consists of alternate layers of sand and
clay. The bottom of the dike is under the water table, and
from the top of the subsoil layer (Ac1:4 m), there is a sandy
layer (As1:1–2 m), a clay layer (Ac2:3 m), a sandy layer
(As2:2 m), a clay layer (Ac3:6 m) and a rather stiff sandy
layer with an N value of 30. The excavation of the dike was
carried out to investigate the damage after the earthquake. The
cross section of the dike shows that sand veins were observed
from the bottom to the upward-land side direction and/or the
upward-land side direction in the cracks shown in Photo 3.2.2.2. Kimazuka District
The right embankment of the Naruse River in Kimazuka,
Kashimadai of Osaki City was damaged. This site is located
between Kamamaki and Hutagoya. The soil proﬁle is as
follows: the dike is underlain by, from the top, a soft clay
deposit of 1–2 m (N value o5) at a depth of 1–2 m, a thin
sandy layer, a soft clay deposit with a thickness of 1–2 m
and a sandy layer with a thickness of 3–4 m.
As shown in Photo 4, large cracks, 80 cm in width and
50 cm in depth, developed at the crest; the settlement at the
center of the crest is about 30 cm. The back and front two
slopes were moved laterally. We observed many cracks near
the toe of the embankment on the land side. The failure
pattern is similar to the pattern D-2 in Fig. 2 adopted by
Tohoku Regional development Bureau of MLIT (2011).20.00
15.00
10.00
5.00
0.00
25.00
River side
Estimated water table
(m)
ruse River (30.0–30.537 km) after Tohoku regional development bureau
F. Oka et al. / Soils and Foundations 52 (2012) 890–909896On the river side, concrete blocks were broken due to
lateral displacement, and the upper block penetrated into
the ground at several points under the toe of the lower
blocks. On the land side, sand boils were observed around
the channel along the river embankments. The embank-
ments near this site (12.9 kmþ60 m–13.1 kmþ94 m),
which had been damaged by the 2003 Miyagiken-hokubu
Earthquake, were not damaged because the subsoil had
been improved after the 2003 earthquake.
2.3. Yoshida River
The dikes of the Yoshida River were damaged as highly
damaged dikes at two sites, middle-level damaged ones at
17 sites and low-level damaged ones at 150 sites. The
highly damaged embankments of the upstream of the
Yoshida River are located in the reclamation land of
the old Sinai-numa Pond. The heavily damaged dikes of
the Yoshida River are at the left embankment of the
Oobazamakamishida-jyouryu District (15.2–15.5 km) and
at the left embankment of the Oobazamakamishida-karyu
District (14.6–14.8 km). Fig. 6 shows a typical groundGunma
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Fig. 8. Distribution of the heavily damaged river embankments in
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Es
Fig. 9. Soil proﬁle and damaged shape of the embankment at Nishisekyadoproﬁle beneath the dike of the Yoshida River (around
16 km). It is worth noting that the subsoil includes rather
thick clayey soil.
2.4. Kitakami River
The dikes of the Kitakami River were damaged by the
earthquake and the tsunami. Middle-level damage was
observed at two sites in the upstream region and at 30 sites
in the downstream region. A high level of damage was
observed at two sites around the mouth of the river due to
the tsunami, namely, at the right embankment at Kama-
tani (3.8–4.6 km) and at the left embankment at Tsuki-
hama (0.8–2.8 km). From the observation of the
Geospatial Information Authority of Japan, the tsunami
ran up more than 12 km to the maximum 50 km from the
mouth of the Kitakami River. The left bank in the
Tsukihama district (0.8–2.8 km from the river mouth)
and the right bank in the Kamaya district (3.8–4.6 km
from the river mouth) were heavily damaged due to the
tsunami. The tsunami ﬂowed over the river levee, damaged
the embankments and the land was inundated.Ibaragi
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of the Edo River (57.5 kmþ100 m–57.5 kmþ300 m), after JICE (2011).
Fig. 10. Finite element mesh and boundary conditions.
Table 1
Material parameters.
Parameter Sand Clay
Density r (t/m3) 1.8/2.0 1.7
Water permeability k (m/s) 2.20 105 5.77 1010
Initial void ratio e0 0.8 1.25
Compression index l 0.0250 0.3410
Swelling index k 0.0003 0.0190
Normalized initial shear modulus G0=s’m0 761 75.2
Stress ratio at maximum compression Mnm 0.909 1.24
Stress ratio at failure Mnf 1.229 1.24
Quasi-overconsolidation ratio OCRn ¼ s’mai=s’m0
 
1.0 1.0
Hardening parameter Bn0 ; B
n
1 ; Cf 2000, 40, 0 100, 40, 10
Structure parameter s’maf =s
’
mai , b 0.5, 50 0.3, 3.6
Control parameter of anisotropy Cd 2000 –
Parameter of dilatancy Dn0 , n 1.0, 4.0 –
Reference value of plastic strain gPnr 0.005 –
Reference value of elastic strain gEnr 0.003 –
Viscoplastic parameter m0 – 24.68
Viscoplastic parameter C1 (1/s) – 1.00 105
Viscoplastic parameter C2 (1/s) – 3.83 106
Hardening parameter An2 ; B
n
2 – 5.9, 1.8
Strain-dependent modulus parameter a, r – 10, 0.4
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Fig. 11. Cyclic shear strength curves.
Table 2
Simulation cases for various input
wave and soil proﬁles.
Input 1 Input 2
Type 1 Case 1-1 Case 2-1
Type 2 Case 1-2 Case 2-2
Type 3 Case 1-3 Case 2-3
Type 4 Case 1-4 Case 2-4
F. Oka et al. / Soils and Foundations 52 (2012) 890–909 8972.5. Abukuma River
The river dikes of the Abukuma River were heavily
damaged and failed at three sites: the right embankment(30.6 kmþ34 m–31.4 kmþ160 m) in the Edano District,
the left embankment (28.6 kmþ368 m–29.0 kmþ94 m) in
the Noda District and the right embankment
(22.4 kmþ174 m–22.6 kmþ59 m) in the Sakatsuda District.
2.5.1. Edano section
This section has been investigated in detail by Tohoku
Regional development Bureau of MLIT (2011). The
embankment is composed of sandy soil, and clayey soil
was underlain beneath the embankment. The ﬁne frac-
tion content and the D50 of the soil in the embankment
are less than 35% and less than 10 mm, respectively.
F. Oka et al. / Soils and Foundations 52 (2012) 890–909898The embankment moved severely in the form of several
blocks to the land side, but almost no deformation
occurred on the river side. This is due to the old
embankment made of clayey soil on the river side of
the embankment. The soil blocks run up on the water-
way on the land side, and the settlement is 2.9 m. Boiled
sand was observed at the toe of the embankment on theClay
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Fig. 12. Soil proﬁles and water table.
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Fig. 13. Input earthland side and in the cracks of the embankment. It is
worth noting that a water table is observed in the
embankments. The expected reason for the failure of
the embankment is that the sandy soil in the embank-
ment was liqueﬁed due to the earthquake motion.2.6. Kanto District
According to the report of the Kanto Regional
Development Bureau of MLIT (2011), many river embank-
ments were damaged due to the earthquake in the Kanto
District (Ibaraki, Chiba and Saitama Prefectures as well as
the Tokyo Metropolitan Area), which are shown in Fig. 7.
The river basins in the Kanto District include the Kuji River
Basin, the Naka River Basin, the Tone River Basin and the
Arakawa River Basin. In the Kanto District, river embank-
ments were damaged at 920 sites. The patterns of the damage
are failures and/or washouts (0 sites), cracks (385 sites),max:329gal
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F. Oka et al. / Soils and Foundations 52 (2012) 890–909 899lateral ﬂows (43 sites), settlements (153 sites), damage to
revetments (174 sites), sluice gates, etc. (80) and others.
2.6.1. Tone River
The river embankments of the Tone River were heavily
damaged at 11 sites of both the downstream (around 18 km
in Kamisu City and around 27 km and 40 km in Katori City)Node-1978
Node-3178
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Fig. 16. Acceleration–time proﬁle at theand the upstream (around 50 km in Shinzaki Town, 66 km in
Kouchi Town and 70 km in Tone Town). The typical
patterns of the damage are the slides of the top and the
shoulder of the embankment and the settlements on the river
side. In addition, the river embankments (around 35.0 km
and 31.8 km) of the Kokai River, a tributary of the Tone
River, were heavily damaged at 5 sites. The embankments are
made of clayey soil and their slopes collapsed.0 25 50 75 100 125 150 175 200
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Table 3
Compressions and settlements.
Unit: m dy-Node 1978 dx-Node 3178 Da Db Dc D(bþc)
Case 1-1 1.098 1.213 0.570 (9.5%) 0.132 (13.2%) 0.396 (2.8%) 0.528 (3.5%)
Case 1-2 0.902 0.921 0.409 (6.8%) 0.092 (9.2%) 0.401 (2.9%) 0.493 (3.3%)
Case 1-3 0.813 0.928 0.370 (6.2%) 0.071 (7.1%) 0.372 (2.7%) 0.443 (3.0%)
Case 1-4 0.851 1.083 0.378 (6.3%) 0.104 (10.4%) 0.369 (2.6%) 0.473 (3.2%)
Case 2-1 0.186 0.106 0.094 (1.6%) 0.015 (1.5%) 0.077 (0.6%) 0.092 (0.6%)
Case 2-2 2.342 1.683 1.348 (22.5%) 0.946 (94.6%) 0.048 (0.3%) 0.994 (6.6%)
Case 2-3 3.862 3.561 2.770 (46.1%) 1.057 (105.7%) 0.035 (0.3%) 1.092 (7.3%)
Case 2-4 1.543 2.122 0.859 (14.3%) 0.030 (0.2%) 0.684 (4.6%)
dy, vertical displacement; dx, horizontal displacement.
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Fig. 17. Acceleration–time proﬁle at the top of the bank (cases 2-1 to 2-4).
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The embankments of the Edo River were damaged by
the earthquake, as shown in Fig. 8. The right embankment
of the Edo River (57.5 kmþ100 m–57.5 kmþ300 m) at
Nishisekiyado in Satte City was heavily damaged by the
liquefaction of the sandy ground just beneath the levee,
except for the toe of the right embankment below which a
clay layer exists (Fig. 9). The ground water level was in the
sandy layer. Boiled sand, due to liquefaction, was observed
in the deep cracks in the right embankment around the toe.
The damaged levee moved to the land side and settled. The
maximum settlement is 1.1 m. This site is located at the old
river (Fig. 8).Case1-1
Case1-2
Case1-3
Case1-4
Fig. 18. Distribution of displacem3. Discussions on the patterns of the deformation and the
failures of the river embankments
The usual reason for the damage of river embankments
is the liquefaction of the foundation sandy ground
which was observed at the failure of the left embank-
ment of the Yodogawa River during the 1995 Hyogoken-
Nanbu Earthquake. As for the damaged river embank-
ments, we have found that many were embankments
on clayey ground, as shown in Figs. 3 and 5. Through
a detailed study of the heavily damaged river embank-
ments, we have found that a large number of em-
bankments on soft clay deposits collapsed due to
liquefaction.ent vectors (cases 1-1 to 1-4).
F. Oka et al. / Soils and Foundations 52 (2012) 890–909902Typical patterns of the soil proﬁles are illustrated in
Fig. 3. The four patters have been observed at the
foundation of the damaged levee due to the 2011 off the
paciﬁc coast of the Tohoku earthquake.1. Type A
In the soil proﬁle Type A, embankment is on the
sandy layer where the water table is below ground level.
This type is seen such as the case of Kakai River.2. Type B
In Type B, the subsoil layer of the embankment is
composed of clayey soil and the water table is in the
bank, i.e., the water saturated region appears. This type
includes damaged levees at Edano and Sakashita of
Abukuma River, at Shimononakanome-jyoryu of Naruse
River and at Hinuma of Naka River, etc.3. Type CCase2-1
Case2-2
Case2-3
Case2-4
Fig. 19. Distribution of displacementThe soil proﬁle Type C in which the sandy layer exits
below the bank bounded by the clay layer with high water
table in the banks. In this type, a water saturated region
appeared in the bank, as it did in Type B. This type has
been observed at Nishisekiyado of Edo River and
Fuchishiri-jyoryu of Eai River, among others. The most
severe damage was observed in this type of soil proﬁle due
to the 2011 Off the Paciﬁc Coast of Tohoku Earthquake.4. Type D
In Type D, the sandy layer is sandwiched in the
clayey layer beneath the embankment.
This type corresponds to the soil proﬁle of banks at
Yamazaki of Yoshida River and at Fukunuma of Eai
River, for example.
After taking the investigation of the soil proﬁles and the
water tables of the damaged embankments into account, it
was determined that the most damage was caused by thevectors (cases 2-1 to 2-4).
F. Oka et al. / Soils and Foundations 52 (2012) 890–909 903liquefaction of the water-saturated region bounded by the soft
clay layers with smaller levels of permeability. The effect of the
water-saturated region in the levee on the behavior during
earthquakes has been pointed out by Sasaki et al. (1994)and
Kaneko et al. (1995). The same effect of the water saturated
region in the bank has been reported by Tohoku Regional
development Bureau of MLIT (2011). This region extends to
the lower part of the embankments which have settled below
the water table. The water table in the embankments, which is
higher than the ground surface, is formed by the rainfall and
the capillaries, etc. In the following section, we will numerically
analyze the behavior of the river embankments with the
various saturated region.
4. Numerical analysis
4.1. Introduction
It is well known that one of the reasons for the failure of
river embankments is earthquake loads. In this section,
we have numerically analyzed the deformation behavior of
river embankments during an earthquake using a soil–
water coupled ﬁnite element analysis method. The
two-dimensional water–soil analysis method has been
developed based on the two-phase porous theory.
In the numerical simulation of the dynamic behavior of the
ground, we used a liquefaction analysis program, ‘‘LIQCA2-
D11’’(LIQCA Research and Development Group, 2011),
which was developed by Oka et al.(2004). LIQCA2D11Case1-1
Case1-2
Case1-3
Case1-4
Fig. 20. Accumulated plaadopts a u-p formulation with the ﬁnite element method
and the ﬁnite difference method in the inﬁnitesimal strain
ﬁeld. The equation of motion is discretized by FEM and the
continuity equation is discretized by the ﬁnite difference
method. As for the time discretization in the time domain,
Newmark’s b method is used. In addition, Rayleigh’s
damping is used in the analysis, which is proportional to
the initial stiffness matrix and the mass matrix.
In the constitutive model for soils, we used a cyclic
elasto-plastic model capable of indicating both the strain-
induced degradation for sandy soils (Oka et al., 1999) and
an elasto-viscoplastic model for clayey soils, which has
been developed recently (Kimoto et al., 2012) based on the
previous model shown in Appendix A (Oka and Yashima,
1995; Oka et al., 2004). We analyzed a model river
embankment with different soil proﬁles and water tables.
In addition, we studied the effect of a saturated region in
the embankment with the duration of earthquakes as the
main focus.
In the numerical analysis, a u-p formulation was
adopted. For the discretization of the equations of motion
(or the equilibrium of the mixture), FEM (Finite Element
Method) was used, while for the discretization of the
continuity equations of the pore ﬂuids (water and gas),
FDM (Finite Difference Method) was used. Although the
embankment is in general in unsaturated state, we assumed
that the river bank outside the water-saturated region was
dry in the present study because there was no data for the
unsaturated soil. In the dynamic analysis, it is possible toMax: 1.92
Max: 1.85
Max: 1.89
Max: 1.32
stic deviatoric strain.
F. Oka et al. / Soils and Foundations 52 (2012) 890–909904take the unsaturated soil into account (i.e., Oka et al., 2011).
The time discretization is based on Newmark’s b method,
with b and g set at 0.3025 and 0.6, respectively. The time
increment in the calculation was set to be small enough to
guarantee the accuracy of the results without requiring a
large amount of computational time (i.e., 0.01 s). In order to
obtain a more accurate estimation of the large deformation
and/or ﬂow indicated in Figs. 4 and 5, we would need a
more elaborated version of the analysis method based on
the ﬁnite deformation theory and/or particle method, such
as MPM (Material point method, e.g. Higo et al., 2010), but
in the present study we used a method based on the
inﬁnitesimal strain theory.
4.2. Finite element mesh and boundary conditions
Fig. 10 shows the model of the river embankment and
the ﬁnite element mesh used in the analysis. The soil
parameters are listed in Table 1. The material parameters
of the sandy soil were determined based on the parametersCase1-1
Case1-2
Case1-3
Case1-4
Fig. 21. Distribution of effective stressof the loose sand at the Akita port damaged due to
liquefaction reported by Iai and Kameoka (1993), and
the parameters of the soft clay at Torishima at the levee of
the Yodo River (Mirjalili, 2011) were used for the clay.
The liquefaction strength curve shown in Fig. 11 indicates
that the parameters for sand are typically for the liqueﬁ-
able sand. The cyclic strength of clay, shown in Fig. 11, is
larger than that for loose sand.
Table 2 indicates the simulation cases with different soil
proﬁles and earthquake motions. In the simulations, we
used different soil proﬁles with the clayey subsoil because
the ground proﬁles of the many damaged embankments in
Miyagi Prefecture include a clayey soil layer of about 10 m
in thickness, as shown in Section 2.
Fig. 12 shows the different soil proﬁles presented in the
discussion in Section 2. Type 2 illustrates the levee
embankment where the bottom of the embankment is
below the ground water level, while Type 3 shows the case
in which the embankment is settled and the ground water
level is in the embankment. Type 3 corresponds to thedecreasing ratios (cases 1-1 to 1-4).
F. Oka et al. / Soils and Foundations 52 (2012) 890–909 905typical case of a severely damaged embankment due to the
2011 off the Paciﬁc Coast of Tohoku Earthquake, such as
the Shimonakanome-jyouryuu District of the Naruse River.
Type 4 corresponds to the case of the damaged embankment
at Sekiyado of the Edo River. Fig. 13 shows the input
earthquake motions. Input 1 is the recorded earthquake
record obtained during the 1995 Kobe Earthquake at a
depth of 33 m of the Higashi-Kobe Ohashi Bridge. Input 2 is
the earthquake record of MYGH06 at a depth of 80 m,
obtained at Tajiri of KiK-net, 2011. It is worth noting that
the record is very similar to the record at Yamazaki by JICE
(2011). The response spectrums of these motions are illu-
strated in Fig. 14. The features of these waves are that the
duration time of Input 2 is very long, more than 2 min,
which is longer than Input 1, but the maximum acceleration
of Input 1 is larger than that of Input 2.
In Fig. 15, the vertical displacement–time proﬁles of the
top of the embankment (Node 1978) and the horizontal
displacement–time proﬁles of the toe of the embankment
(Node 3178) are illustrated for all cases. The settlement of
the top of the ground is maximum for Case 1 and
minimum for Case 4. Fig. 16 indicates that the acceleration
motions of the top of the embankments are similar for the
four cases. Table 3 lists the displacements and the com-
pressions of the embankment and the ground for all of the
cases. The largest compression of the embankment (Case
1-1), Da (the change of height of the river embankment
above the ground level), is shown in Table 3. It isCase2-1
Case2-2
Case2-3
Case2-4
Fig. 22. Distribution of accumulated placonsistent with the largest lateral displacement at the toe
of the embankment.
For Cases 2-1 to 2-4, the maximum settlement of the top
of the embankment and the maximum horizontal displace-
ment of the toe of the embankment are obtained for Case 2-
3. For Case 2-1, the settlement of the top of the embankment
is small and less than the others. For Cases 2-2 and 2-3, the
liqueﬁable layers are fully compressed, as indicated in
Table 3. In addition, the degree of ampliﬁcation of the
acceleration is the smallest for Case 2-4, as shown in Fig. 17.
Figs. 18 and 19 show the displacement distribution at the
end of the earthquake motions. In Fig. 18, the larger portion
around the right toe of the embankment moves, and
displacement discontinuity was seen below the ground level
and in the clay layer, while in Case 1-4, the larger displace-
ment is seen just around the toe of the embankment above
the clay layer. Fig. 19 shows the distributions of displace-
ment in Cases 2-1 to 2-4. The largest displacement is seen in
the central part of the embankment and below the top of the
embankment for Case 2-3. On the other hand, for Case 2-4,
the largest displacement develops just around the toe of the
embankment and the displacements below the top of the
embankment are relatively small.
Fig. 20 shows the distribution of accumulated deviatoric
plastic strain for Cases 1-1 to 1-4.
The accumulated deviatoric plastic strain is deﬁned as
gp ¼ R ðdepijdepijÞ1=2. For Case 1-1, we can see the localized
large strain beneath the river embankment, which is largerMax 8.99
Max 0.22
Max 3.73
Max 3.68
stic deviatoric strain. ( Case 2.1-2.4).
F. Oka et al. / Soils and Foundations 52 (2012) 890–909906than the other cases, i.e., a larger level of strain develops in
the clay layers. Fig. 21 indicates the corresponding dis-
tribution of ESDR (effective stress decreasing ratio,
ESDR s0m0s
0
m
 
=s
0
m0). In Fig. 22, a larger level of
plastic strain develops for Case 2-3 in the saturated sand
portion of the embankment as well as in the upper part of
the embankment. The shear strain localized above the
saturated region in the embankment; this trend is consis-
tent with a failure pattern B in Fig. 2. Figs. 23 and 24 show
the distribution of the ESDR and the distribution of the
pore water pressure for Cases 2-1 to 2-4. For Case 2-3, we
can see the liquefaction of the water-saturated region in the
embankment.
From the above discussions, it is worth noting that
where the region is water-saturated, a larger settlement of
the river embankment occurs, and the deformation/failure
is larger. This deformation behavior is consistent with
damaged embankments, such as the embankments of the
Eai River in Miyagi Prefecture, brought about by the 2011
off the Paciﬁc Coast of Tohoku Earthquake. From theCase2-1
Case2-2
Case2-3
Case2-4
Fig. 23. Distribution of effective stressnumerical results of Cases 1-1 and 2-1, we can say that the
earthquake wave form affects the deformation character-
istics of the river embankment-subsoil layer system. It
should also be added that the amplitude of the earthquake
is also an important factor in the damage.
5. Conclusions
From the investigative work of the damaged river
embankments and the numerical simulation of river
embankments with various subsoil proﬁles, we have
obtained the following main conclusions:1.decDue to the very strong 2011 off the Paciﬁc Coast of
Tohoku Earthquake, which had a magnitude of 9.0,
many river embankments were damaged. The river
embankments and their related structures were damaged
at 2115 sites over the Tohoku and Kanto areas, including
Iwate, Miyagi, Fukushima, Ibaraki and Saitama Prefec-
tures, as well as the Tokyo Metropolitan District.reasing ratios (cases 2-1 to 2-4).
F. Oka et al. / Soils and Foundations 52 (2012) 890–909 9072. Through a detailed study of the heavily damaged river
embankments, it has been found that the embankments
on soft clay deposits extensively collapsed due to
liquefaction. The main feature of the damage was the
liquefaction of the saturated region in the embankments
downwardly bounded by soft clay layers.3. From the numerical results, it has been found that the
water-saturated region in the embankments leads to the
larger settlement of the river embankment and the
larger deformation/failure. This deformation behavior
is consistent with the pattern of the damaged embank-
ments due the 2011 off the Paciﬁc Coast of Tohoku
Earthquake. In addition, the earthquake wave form,Case2-1
Case2-2
Case2-3
Case2-4
Fig. 24. Distribution of excesuch as the duration time, affects the deformation
characteristics of the river embankment-sub soil layer.
The amplitude of the earthquake is also an important
factor in the damage.
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nonlinear kinematical hardening rule (Kimoto et al., 2012)
Oka and Yashima (1995) proposed a cyclic elasto-
viscoplastic model by adopting the nonlinear kinematical
hardening rule by Armstrong and Frederick (1966).
Kimoto and Oka (2005) proposed an elasto-viscoplastic
model considering structural degradation for the behavior
of clay under monotonic loading conditions. Kimoto et al.
(2012) developed a cyclic elasto-viscoplastic model con-
sidering the effect of the structural degradation of clay.
Taking into account structural degradation and micro-
structural changes, a cyclic elasto-viscoplastic model has
been developed based on the nonlinear kinematic-
hardening rules for changes in both the stress ratio and
the mean effective stress. In addition, the kinematic hard-
ening rule for changes in viscoplastic volumetric strain is
generalized to predict the behavior during the cyclic
loading process (Shahbodagh, 2011).A.1. Static yield function
The static yield function is obtained by considering the
nonlinear kinematic hardening rule for changes in the
stress ratio, the mean effective stress, and the viscoplastic
volumetric strain, as
fy ¼ Znwþ ~M
n
ln
s
0
mk
s
0ðsÞ
my
þ ln s
0
m
s0mk
ynm1


 !
¼ 0 ðA:1Þ
Znw ¼ Znijwnij
 
Znijwnij
 n o1=2
ðA:2Þ
in which s
0
mk is the unit value of the mean effective stress,
ynm1 is the scalar kinematic hardening parameter and s
0ðsÞ
mk
denotes the static hardening parameter. wnij is the so-called
back stress parameter, which has the same dimensions as
stress ratio Znij.
Incorporating strain softening into the structural degra-
dation, the hardening rule for s
0ðsÞ
my can be expressed as
s
0ðsÞ
my ¼
s
0
maf þ s
0
mais
0
maf
 
exp bzð Þ
s0mai
s
0ðsÞ
myi ðA:3ÞA.2. Viscoplastic potential function
In the same manner as for the static yield function,
viscoplastic potential function fp is given by
fp ¼ Znwþ ~M
n
ln
s
0
mk
s0mp
þ ln s
0
m
s0mk
ynm1


 !
¼ 0 ðA:4Þ
Dilatancy coefﬁcient ~M
n
is deﬁned separately for the
normally consolidated region (NC) and theoverconsolidated region (OC) as
~M
n ¼
Mnm NC region
snm=s
0
mc
 
Mnm OC region
(
ðA:5Þ
where s
0
mc is the mean effective stress at the intersection of
the overconsolidation boundary surface and the s
0
m axis,
which is deﬁned by
s
0
mc ¼ s
0
mbexp
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Znijð0ÞZ
n
ijð0Þ
q
Mnm
0
@
1
A ðA:6Þ
In addition, snm denotes the mean effective stress at the
intersection of the surface, which has the same shape as fb
and is given by
snm ¼ s
0
mexp
Zn0
Mnm
 	
ðA:7Þ
A.3. Kinematic hardening rules
The evolution equation for nonlinear kinematic hard-
ening parameter wnij is given by
dwnij ¼ Bn Andevpij wnijdgvp
 
ðA:8Þ
where A* and B* are material parameters, de
vp
ij is the
viscoplastic deviatoric strain increment tensor and
dgvp ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
de
vp
ij de
vp
ij
q
is the viscoplastic shear strain increment.
A* is related to the stress ratio at failure, namely, An ¼Mnf ,
and B*is proposed to be dependent on the viscoplastic
shear strain as
Bn ¼ BnmaxBn1
 
exp Cf gvpnðnÞ
 
þBn1 ðA:9Þ
in which Bn1 is the lower boundary of B
*, Cf is the
parameter controlling the amount of reduction and gvpnðnÞ
is the accumulated value of viscoplastic shear strain
between two sequential stress reversal points in the
previous cycle. Bnmax is the maximum value of parameter
B*, which is deﬁned following the proposed method by
Oka et al. (1999) as
Bnmax ¼
Bn0 Before reaching failure line
Bn0
1þgvpnðnÞmax=gvpnðnÞr
After reaching failure line
8><
>:
ðA:10Þ
where Bn0 is the initial value of B
*, gvpnðnÞmax is the maximum
value of gvpnðnÞ in past cycles and g
vpn
ðnÞr is the viscoplastic
reference strain.
In order to improve the predicted results under cyclic
loading conditions, a scalar nonlinear kinematic hardening
parameter ynm1 is introduced as
dynm1 ¼ Bn2 An2devpv ynm19devpv 9
  ðA:11Þ
where An2 and B
n
2 are material parameters and de
vp
v is the
increment in the viscoplastic volumetric strain tensor. The
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n
2 are determined by a data-adjusting
method from the laboratory test data.
The degradation of the elastic shear modulus from the
beginning of loading can be expressed by its dependency
on accumulated viscoplastic shear strain gvp as
G ¼ G0
1þa gvpð Þrð Þ
ﬃﬃﬃﬃﬃﬃﬃ
s0m
s0m0
s
ðA:12Þ
where r and a are the strain-dependent parameters, which
can be determined from the laboratory test results. In this
study, based on the experimental results, r¼0.4 was chosen.
A.4. Viscoplastic flow rule
Based on the overstress type of viscoplastic theory ﬁrst
adopted by Perzyna (1963), the viscoplastic strain rate
tensor _evpij is deﬁned as
_evpij ¼Cijkl/F fy
 
S
@fp
@s0kl
ðA:13Þ
/F fy
 
S¼
F fy
 
: fy40
0 : fyr0
(
ðA:14Þ
Cijkl ¼ adijdklþb dikdjlþdildjk
  ðA:15Þ
where /S are Macaulay’s brackets, F(fy) is the rate-
sensitive material function and Cijkl is a fourth order
isotropic tensor. a and b in Eq. (A.15) are material
constants. Material function F(fy) is determined as
F fy
 ¼ s0mexp m0 Znwþ ~M n ln s
0
mk
s0ma
þ ln s
0
m
s0mk
ynm1


 	 	
 
ðA:16Þ
in which m0 is the viscoplastic parameter. Finally, by
combining Eqs. (A.13), (A.15) and (A.16), viscoplastic
deviatoric strain rate _evpij and viscoplastic volumetric strain
rate _evpij can be expressed as
_evpij ¼C1exp m0 Znwþ ~M
n
ln
s
0
mk
s0ma
þ ln s
0
m
s0mk
ynm1


 	 	
 
Znijwnij
Znw
ðA:17Þ
_evpkk ¼C2exp m0 Znwþ ~M
n
ln
s
0
mk
s0ma
þ ln s
0
m
s0mk
ynm1


 	 	
 
~M
n ln s
0
m=s
0
mk
 ynm1
9ln s0m=s
0
mk
 ynm19
Znmn Z
n
mnwnmn
 
Znw
( )
ðA:18Þ
where C1¼2b and C2¼3aþ2b are the viscoplastic para-
meters for the deviatoric and the volumetric strain com-
ponents, respectively.
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